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We examine skyrmions interacting with a square array of obstacles under ac drives applied in one
or two directions. For a single direction of ac driving, we find that the Magnus force in conjunction
with the obstacle interactions can create elliptical skyrmion orbits of increasing size, leading to
localized phases, chaotic phases, and translating or ratcheting orbits. Under two ac drives that
are out of phase by 90◦ and applied in two directions, the skyrmions form localized commensurate
orbits that encircle an integer number of obstacles, similar to the electron pinball effect observed
for electrons in antidot lattices. As a function of ac amplitude, Magnus force strength, and obstacle
size, we find that chaotic scattering regimes and directed motion can emerge even in the absence of
asymmetry in the substrate. The directed motion follows different symmetry axes of the periodic
substrate, and we observe a variety of reversed ratchet effects. The Magnus force in the skyrmion
system produces a significantly larger number of directed motion regimes than are exhibited by
overdamped systems. We discuss how these results could be used to move skyrmions in a controlled
way for possible applications.
I. INTRODUCTION
When a classical electron is translating in the presence
of a magnetic field, it undergoes cyclic motion with an
orbit of radius R. If the electron simultaneously interacts
with a square periodic array of scatterers, it falls into sta-
ble localized orbits for certain values of R that allow it to
encircle an integer number of scattering sites during each
orbit. When R is sufficiently small, the electron becomes
locked in a localized orbit that fits in the space between
the obstacles, but for larger R, strong localization occurs
when the electron orbit encloses n = 1, 2, 4, 9, or m2
scattering sites, where m is an integer1. As the orbit ra-
dius R varies, the electron remains locked in a localized
orbit until it begins to collide with the obstacles and en-
ters a chaotic regime of continuous collisions associated
with gradual diffusive motion1,2. Samples containing an
antidot lattice are commonly known as electron pinball
systems in analogy to the pinball game in which a ball
is scattered by fixed obstacles. The windows in which
commensurate orbits appear depend on the size and pe-
riodicity of the scattering sites3,4, and the commensurate
orbits can be identified by the peaks they produce in the
magnetic transport curves1–3,5.
Electron pinball effects have been studied for
square1,2,5, hexagonal4,6, rectangular7,8 and disordered
dot geometries9,10. More recently, similar effects were
studied in graphene superlattice structures11,12, topolog-
ical insulators13, and bilayer systems, where a pinned
Wigner crystal acts as the periodic substrate for com-
mensurate orbits of composite fermions14,15. Variations
on electron pinball include vortex pinball for vortices in
a type-II superconductor interacting with a square array
of pinning sites under a circulating ac drive, where the
size of the vortex orbit depends on the amplitude and
frequency of the ac drive16. Similar dynamics arise for
colloidal particles interacting with periodic arrays of ob-
stacles or scattering sites under intrinsic or external ac
driving or combined ac and dc driving, when the effective
ac driving is in both the x and y-directions and produces
circular or elliptical colloidal orbits17,18.
In the absence of a dc drive, particles in a two-
dimensional (2D) array under crossed ac drives can also
exhibit phase locking and directed motion where a net
drift of the particles appears19–21. This is similar to a
ratchet effect in which a net dc transport is produced by
an ac drive when the system is coupled to an asymmet-
ric substrate22; however, in the symmetric 2D substrate
arrays, the additional symmetry breaking arises from the
drive itself or from the interface of two different substrate
lattices which can generate edge transport. Recently,
a variety of types of directed motion have been stud-
ied for magnetic colloids on a periodic substrate where
an external magnetic field creates non-trivial loop mo-
tion of the colloids, which follow translating skipping or-
bits along the interfaces between two different substrate
lattices18,23–25.
Skyrmions in chiral magnets are another example of an
assembly of particle-like objects that can interact with
various types of ordered and disordered substrates26–29.
Magnetic skyrmions have been found in a variety of sys-
tems, including materials in which the skyrmions are
stable at room temperature30,31. Skyrmions can be set
into motion with an external current29,30,32–35, and the
resulting velocity-force relations show transitions from
pinned to sliding states in transport experiments mea-
suring changes in the topological Hall effect29,32,36 and in
direct imaging30,33,37. It is also possible to characterize
skyrmion motion based on changes in the noise fluctu-
ar
X
iv
:2
00
4.
10
81
9v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
22
 A
pr
 20
20
2ations as a function of drive38,39. Interest in skyrmions
is spurred in part by possible applications, since due to
their size scale and mobility, skyrmions could be used
for memory, logic devices, and alternative computing
architectures40–43. The ability to control the direction
and distance of skyrmion motion could open new av-
enues for device creation, and as a result there have
been a number of proposals to control skyrmion motion
through interactions with structured substrates such as
race tracks40,41, periodic substrate modulations44–47, or
ordered pinning structures48–52. For example, one con-
trol technique is to have the skyrmions interact with a
2D periodic substrate such as an anti-dot array53–56.
A dynamical feature that distinguishes skyrmions from
many other particle systems is the strong non-dissipative
Magnus or gyroscopic component of the skyrmion motion
produced by their topology27,29,56, which affects both
how the skyrmions move under a drive and also how they
interact with a substrate potential. On a smooth land-
scape, a driven skyrmion moves at an angle with respect
to the driving direction known as the skyrmion Hall angle
θsk
27,29,57,58, which increases as the ratio of the Magnus
force to the damping term increases. In experimental
measurements, skyrmion Hall angles ranging from just a
few degrees up to 55◦ have been observed59–63; however,
it is expected that much larger Hall angles could arise
in certain skyrmion-supporting materials29. In devices
such as a race track memory, the skyrmion Hall angle
strongly limits the distance the skyrmion can move be-
fore it reaches the edge of the sample, and as a result, a
variety of studies have focused on methods for controlling
the skyrmion Hall angle. In the presence of pinning, the
skyrmion Hall angle develops a drive or velocity depen-
dence, increasing from a value of nearly zero just above
the depinning threshold to a saturation at the pin free
value for high drives58–69. This behavior can result from
a side jump effect that occurs when the skyrmion inter-
acts with the pinning sites which diminishes in magnitude
as the skyrmion velocity increases54,64,69,70. Other effects
such as skyrmion distortions can also alter the skyrmion
Hall angle60,70.
Nanostructuring techniques can be used to create pe-
riodic pinning landscapes for skyrmions in which the
pinning sites act as repulsive or attractive scattering
sites50,51,55. Particle based simulations examining the
motion of skyrmions in the presence of 2D arrays of scat-
tering sites show that at low drives, the skyrmions move
in the direction of the drive, while at higher drives, the
skyrmion Hall angle is quantized and the skyrmion mo-
tion locks to different symmetry directions of the un-
derlying substrate54–56, similar to the dynamical sym-
metry locking found in overdamped systems such as dc
driven superconducting vortices71 or colloids72–74. In
the overdamped systems, the direction of the external
drive must be changed to observe the dynamical lock-
ing, whereas in the skyrmion system, the drive direction
is fixed. Skyrmions moving over 2D substrates under
combined dc and ac driving exhibit various types of lock-
FIG. 1. Obstacles (red circles) and skyrmion trajectory (black
line) in a sample where the obstacles are modeled as repulsive
Gaussian scattering sites, while the skyrmion is represented
as a point particle experiencing both damping and a Magnus
force. (a) Skyrmion motion under linear ac driving Fac,x. (b)
Skyrmion motion under circular ac driving Fac,x+y.
ing effects including Shapiro steps and transverse phase
locking75.
In this work we examine skyrmions interacting with a
two dimensional periodic array of obstacles or antidots
and subjected to either a linear or a circular ac drive,
as shown in Fig. 1. Under linear ac driving, the Mag-
nus force makes it possible to observe two-dimensional
skyrmion orbits as well as directed motion in which the
skyrmions translate due to a symmetry breaking of the
orbits by the Magnus force. Under circular ac driving, an
even richer variety of dynamical phases appear, including
localized periodic orbits as well as localized or diffusing
states similar to but more varied than those found in
the electron pinball systems. We also observe a series
of ratcheting orbits for certain ac amplitudes and fre-
quencies along with reversals of the ratchet effect. Our
results suggest that ac driving provides a new method
for controlling skyrmion motion and achieving topologi-
cal transport.
II. SIMULATION
We consider a two-dimensional system of size L × L
with periodic boundary conditions containing Np obsta-
cles placed in a square array. A single skyrmion is added
to the sample and subjected to either a linear ac drive
applied along the x-direction, as shown in Fig. 1(a), or a
circular ac drive composed of two perpendicular ac drives
that are out of phase by 90◦, as shown in Fig. 1(b). The
skyrmion dynamics are obtained from a particle based or
modified Theile equation approach as used in previous
work53,75–78. The equation of motion is given by
αdvi + αm × vi = Fo + FAC . (1)
The first term on the left of magnitude αd is the damp-
ing term, which aligns the skyrmion velocity with the
3net external forces experienced by the skyrmion. The
second term on the left is the Magnus force, αm which
produces a velocity component perpendicular to the net
forces on the skyrmion. The obstacle interaction force
Fo arises from obstacles with a Gaussian potential en-
ergy Uo = Coe
−(rio/ao)2 , where Co is the strength of the
obstacle potential, rio is the distance between skyrmion
i and obstacle o, and ao is the obstacle radius. The
force between the obstacles and the skyrmion is given by
Foi = −∇Uo = −Forioe−(rio/ao)
2
r̂io , where Fo = 2Uo/a
2
o.
For computational efficiency, we cut off the interaction
beyond rio = 2.0, since it becomes negligible at larger
distances. We use an obstacle density of ρo = 0.093/ξ
2,
where the dimensionless unit of length is ξ. The ac driv-
ing force is given by
FAC = A sin(2piω1t)xˆ+B cos(2piω2t)yˆ. (2)
For linear driving, B = 0, while for circular driving, both
A and B are nonzero. In each simulation we fix the fre-
quency values ω1 and ω2 and increase the ac amplitudes
A and B in increments of 0.002 every 105 simulation time
steps. For each ac drive amplitude value we measure the
skyrmion velocity 〈V||〉 = 〈vi · xˆ〉/(2piω1a) in the x direc-
tion and 〈V⊥〉 = 〈vi ·yˆ〉/(2piω1a) in the y direction, where
the average is taken over 100 ac drive cycles. Under our
normalization, a value 〈V||〉 = 1.0 or 〈V⊥〉 = 1.0 indi-
cates that the skyrmion is translating by one substrate
lattice constant per ac drive cycle in the x or y direction,
respectively.
III. SKYRMION PINBALL
A. Linear ac Drive
We first consider the case of a skyrmion subjected to
a linear ac drive applied along the x-direction, so that
B = 0 as shown in Fig. 1(a). In an overdamped system,
a particle under such a drive would remain localized and
would simply follow a one-dimensional trajectory along
the x-direction between the obstacles. A skyrmion with a
finite Magnus term moves in a 2D orbit, as illustrated in
Fig. 2 for a system with αm/αd = 0.577 and a0 = 0.65.
At A = 0.5 in Fig. 2(a), the orbiting motion is local-
ized. For a larger ac drive amplitude of A = 0.91 in
Fig. 2(b), the orbit size becomes large enough that the
skyrmion collides with multiple obstacles, resulting in
delocalization and diffusive chaotic motion but no net
drift. In Fig. 2(c) at A = 1.22, the skyrmion has re-
localized with a larger orbit that is similar in shape to
the orbit in Fig. 2(a) but that spans two plaquettes dur-
ing each ac drive cycle. The chaotic phase illustrated
in Fig. 2(b) occurs at the transition between a skyrmion
orbit that spans one plaquette and an orbit that spans
two plaquettes. In each case the orbits are oriented at
an angle to the linear ac drive as a result of the Mag-
nus force. In the absence of the substrate, the skyrmion
FIG. 2. Obstacles (red circles) and skyrmion trajectory
(black line) in a sample with αm/αd = 0.577 and a0 = 0.65
for linear ac driving Fac,x along the x direction. (a) At
A = 0.5, the skyrmion is oscillating between obstacles. (b)
At A = 0.91, the skyrmion motion is delocalized. (c) At
A = 1.0, the skyrmion motion is localized. (d) Directed mo-
tion at A = 1.22. The skyrmion is translating by one lattice
constant in the negative y-direction every two ac drive cy-
cles. (e) Localized state at A = 1.5 where the skyrmion orbit
spans three plaquettes. (f) Localized state at A = 2.0 where
the skyrmion orbit spans four plaquettes.
would move in a one-dimensional orbit at an angle of
θsk = arctan(αm/αd) to the x direction. As A increases
above A = 1.0, the skyrmion remains locked in the local-
ized state of Fig. 2(b) until a transition occurs between
localized motion spanning two plaquettes and the local-
ized motion spanning three plaquettes that is illustrated
in Fig. 2(e) at A = 1.5. A series of such localized phases
occurs each time the skyrmion orbit spans an integer
number n of plaquettes, such as the n = 4 state shown in
Fig. 2(f) at A = 2.0. At the transitions between different
localized states, delocalized or chaotic motion appears.
In some cases there can also be fractional localization, as
shown in Fig. 2(d) at A = 1.22 where the skyrmion re-
4FIG. 3. 〈V||〉 (black) and 〈V⊥〉 (red) vs ac drive amplitude A
for the system in Fig. 2 with linear ac driving, αm/αd = 0.577,
and a0 = 0.65. Localized states occur on the plateaus of
zero velocity. Chaotic diffusing states appear in the regions
of fluctuating velocity between the plateaus, and there is a
translating state corresponding to the negative peak in 〈V⊥〉
at A = 1.22. Vertical dashed lines indicate the boundaries of
the regions in which the skyrmion orbit passes through n = 1,
2, 3, or 4 plaquettes, from left to right.
peatedly switches between localized orbits that span two
and three plaquettes.
In the overdamped limit, particles on a 2D substrate
under a linear ac sinusoidal drive do not exhibit any kind
of directed motion or ratchet effect; however, if two per-
pendicular ac drives are applied, the particle orbits be-
come two-dimensional and directed motion can occur if
the ac driving breaks a symmetry17–21. In the skyrmion
case, a linear ac drive in conjunction with the skyrmion-
obstacle interactions produces a 2D orbit due to the Mag-
nus force, as illustrated in Fig. 2(a). Since the orbit is
chiral, temporal symmetry is broken and a ratchet effect
can occur22. Under linear ac driving, we find only lim-
ited regimes where ratcheting of the skyrmion appears;
however, this result demonstrates that even a single ac
drive is sufficient to produce directed skyrmion motion
on a symmetric substrate.
In Fig. 3 we plot 〈V||〉 and 〈V⊥〉 versus ac drive ampli-
tude A for the system in Fig. 2 with linear ac driving.
In the localized states, 〈V||〉 = 〈V⊥〉 = 0, while in the
delocalized states there are finite velocity fluctuations.
Since the particle motion is diffusive, these fluctuations
diminish in magnitude if the velocities are averaged over
a longer period of time. At A = 1.22, there is ballistic
motion in the negative y direction and we find 〈V||〉 = 0
and 〈V⊥〉 = −0.5, indicating that the skyrmion is trans-
lating by one lattice constant every two ac drive cycles, as
illustrated in Fig. 2(d). The vertical dashed lines in Fig. 3
FIG. 4. Obstacles (red circles) and skyrmion trajectory
(black line) in a system with αm/αd = 1.732, a0 = 0.65,
and linear driving Fac,x along the x direction. (a) At A =
0.5 the motion is localized. (b) At A = 0.934 the localized
orbit encircles two obstacles. (c) At A = 1.05 there is a
translating orbit with motion in the positive y-direction. (d)
Localized motion at A = 1.136. (e) At A = 1.29, the skyrmion
translates at a 45◦ angle. (f) An n = 7 localized state at
A = 1.656.
indicate the edges of the regions in which the skyrmion
motion forms localized orbits spanning n = 1, 2, 3, or 4
plaquettes. We also observe smaller fractional localized
phases in which the skyrmion spends two drive cycles in
an orbit spanning n plaquettes and one drive cycle in an
orbit spanning n + 1 plaquettes. These fractional local-
ized states occur in the boundary regions between local-
ized states, and are surrounded by delocalized phases.
In Fig. 4(a-f) we plot representative skyrmion trajec-
tories for a system with a linear ac drive and a larger
Magnus component of αm/αd = 1.732. For A = 0.5 and
A = 0.934 in Fig. 4(a) and (b), the orbit is localized at
n = 1 and n = 3 plaquettes, respectively. The motion
remains entirely within the interstitial region between ob-
stacles for A = 0.5, but when A = 0.934, the skyrmion
5FIG. 5. (a) 〈V||〉 (black) and 〈V⊥〉 versus A for the system in
Fig. 4 with linear ac driving, αm/αd = 1.732, and a0 = 0.65.
(b) A blow up of panel (a) over the range 0.9 < A < 1.35
showing the three different regimes in which translating orbits
occur.
encircles the obstacles. At A = 1.05 in Fig. 4(c), we find a
translating orbit in which the skyrmion moves one lattice
constant in the +y direction per ac drive cycle. When
A = 1.136, the orbit is localized again but has a more
complex shape, encircling four obstacles that do not fall
along a one-dimensional line, as shown in Fig. 4(d). For
A = 1.29 in Fig. 4(e), there is a translating orbit where
the skyrmion moves in the positive y and negative x di-
rections at an angle of −45◦, translating by one lattice
constant during every two ac drive cycles. In Fig. 4(f)
at A = 1.656, there is an n = 7 localized orbit that does
not encircle any obstacles.
In Fig. 5(a) we plot 〈V||〉 and 〈V⊥〉 versus A for the
FIG. 6. Obstacles (red circles) and skyrmion trajectory (black
line) in a system with αm/αd = 9.962, a0 = 0.65, and linear
driving Fac,x along the x direction. (a) A localized orbit at
A = 0.5. (b) Delocalized motion at A = 0.576. (c) Transla-
tion along the y direction at A = 0.88. (d) A localized orbit
at A = 0.936.
system in Fig. 4 showing the different regions of local-
ized and translating orbits. Figure 5(b) is a blowup of
Fig. 5(a) over the range 0.9 < A < 1.35. Localized orbits
appear when A < 0.96, followed by a window of delocal-
ized orbits for 0.96 ≤ A < 1.03. The translating orbit
illustrated in Fig. 4(c) corresponds to the plateau of pos-
itive 〈V⊥〉 extending from A = 1.03 to A = 1.07. As
A increases, the system enters another regime of chaotic
motion. When A = 1.26, a translating state appears with
motion along −45◦, where the skyrmion moves one lat-
tice constant in the positive y and negative x directions
every two ac drive cycles. Here the velocities plateau
with −〈V||〉 = 〈V⊥〉. This is followed by a small local-
ized region, and then at A = 1.28 by a second regime
of −45◦ translation, where the skyrmion moves one lat-
tice constant in the positive y and negative x directions
during every ac drive cycle. At A = 1.29 the −45◦ trans-
lation changes direction and the skyrmion moves one lat-
tice constant in the positive x and negative y directions
during every ac drive cycle, as illustrated in Fig. 4(e). Fi-
nally the motion becomes localized again above A = 1.3
as shown in Fig. 4(f). In general, as the Magnus term
αm increases, a greater variety of distinct localized and
translating orbits appear. The translating orbits are gen-
erally along either the x or y directions or at a 45◦ angle,
since these are the most prominent symmetry directions
of the obstacle lattice.
For higher values of αm/αd, we find delocalized phases
or chaotic orbits that exhibit an average drift. In Fig. 6
6FIG. 7. 〈V||〉 (black) and 〈V⊥〉 (red) vs A for the system
in Fig. 6 with αm/αd = 9.962, a0 = 0.65, and linear driving
Fac,x along the x direction. The localized phases occur in the
windows where both velocities are zero. In several regions,
the orbits are localized but show a combination of translating
and chaotic motion.
we plot representative trajectories in a system with
αm/αd = 9.962. At A = 0.5 in Fig. 6(a), there is a
localized 1D orbit oriented at nearly 90◦ to the driv-
ing direction. For A = 0.576, the orbit is delocalized
or chaotic but has a net drift in the negative y direction
and a smaller net drift in the negative x direction, as
shown in Fig. 6(b). When A = 0.885, as in Fig. 6(c),
we find a translating orbit with gradual motion by one
lattice constant in the positive y direction, where the
skyrmion spends many ac cycles at each location before
stepping to the next location. In Fig. 6(d) at A = 0.936,
a localized orbit appears that spans four plaquettes and
encircles the two obstacles at the top and bottom of the
orbit. In Fig. 7 we plot 〈V||〉 and 〈V⊥〉 versus A to il-
lustrate the transitions between the different states. The
motion is localized for A < 0.55 and A > 1.7, while at in-
termediate values of A, various fluctuating and localized
regions occur.
B. Circular ac Drive with A = B
We next consider the case of circular ac driving by ap-
plying two ac drives that are perpendicular to each other
and 90◦ out of phase. In the overdamped limit, a sym-
metric substrate does not produce any directed motion
when the frequencies and amplitudes of the two ac drives
are identical; however, if the amplitudes or frequencies
differ, spatial asymmetry can appear in the particle or-
bit, leading to directed motion17–20. For A = B and
ω1 = ω2, if we set αm/αd = 0 we find no ratchet effect
FIG. 8. Obstacles (red circles) and skyrmion trajectory (black
line) in a system with αm/αd = 0.577, a0 = 0.65, and circular
driving with B = A and ω2 = ω1 = 2×10−5. (a) At A = 0.25,
the skyrmion is in a localized orbit encircling one obstacle.
(b) At A = 0.375 the orbit is translating in the positive y-
direction. (c) At A = 0.5 there is a localized orbit encircling
four obstacles. (d) At A = 0.672 the orbit is diffusive. (e) A
translating orbit at A = 0.978. (f) At A = 1.082 there is a
localized orbit encircling 21 obstacles.
and the dynamics are the same as those found in vortex
pinball systems, with transitions between localized and
delocalized orbits as the ac drive amplitude increases16.
In Fig. 8 we show skyrmion trajectories in a system
with circular ac driving at αm/αd = 0.577 for A = B
and ω1 = ω2 = 2 × 10−5. At A = 0.25 in Fig. 8(a),
the skyrmion forms a localized orbit that encircles one
obstacle. In Fig. 8(b) at A = 0.375, we find a translating
orbit in which the skyrmion spirals around two obstacles
per ac drive cycle and moves in the negative y-direction.
Figure 8(c) shows a localized orbit at A = 0.5 where
the skyrmion encircles four obstacles, while the localized
orbit at A = 0.672 in and Fig. 8(d) has no net drift
but exhibits diffusive motion over long time scales. At
A = 0.978 in Fig. 8(e), there is a translating orbit in
7FIG. 9. 〈V||〉 (black) and 〈V⊥〉 (red) vs A for the system in
Fig. 8 with αm/αd = 0.577, a0 = 0.65, and circular driving
with B = A and ω2 = ω1 = 2 × 10−5. Dashed lines indi-
cate the stability regions for the localized phases where the
skyrmion encircles n = 0, 1, 4, 9, 21, 32, 58, and 69 obstacles.
which the skyrmion moves one lattice constant in the
positive y direction during every ac drive cycle, while at
A = 1.082 in Fig. 8(f), the skyrmion follows a localized
orbit encircling 21 obstacles.
Similar orbits appear at higher ac amplitudes. The lo-
calized orbit of Fig. 8(f) persists over the range 1.014 ≤
A ≤ 1.122, while an orbit encircling 26 obstacles appears
for 1.172 ≤ A ≤ 1.214. At higher A we find additional
localized orbits in which the skyrmion encircles 32, 45,
or 69 obstacles. In general, stable localized orbits appear
close to drives where the skyrmion can perfectly encircle
n2 obstacles; however, due to the square symmetry of the
obstacle array, the orbits can deviate from purely circu-
lar states so that, for example, the stable orbit encircles
26 rather than 25 obstacles. In Fig. 9 we plot 〈V||〉 and
〈V⊥〉 versus A for the system in Fig. 8, highlighting the
locations of some of the localized phases where n = 0,
1, 4, 9, 21, 32, 58, and 69 obstacles are encircled. Sev-
eral delocalized regions, including translating orbits and
reversals in the translation direction, appear in between
the localized regimes.
In Fig. 10 we plot the skyrmion trajectories and ob-
stacle locations for a system with αm/αd = 1.732 and
circular driving with B = A and ω1 = ω2. For A = 0.215
in Fig. 10(a), the skyrmion forms a localized orbit encir-
cling one obstacle, while at A = 0.29 in Fig. 10(b), the
motion is diffusive or chaotic. At A = 0.712, Fig. 10(c)
shows that there is a translating orbit that jumps be-
tween motion along +45◦ and −45◦. This orbit produces
no net directed motion, but at short times the behavior is
superdiffusive. In Fig. 10(d) at A = 0.836, the skyrmion
locks into an orbit that translates along the +y direction.
FIG. 10. Obstacles (red circles) and skyrmion trajectory
(black line) in a system with αm/αd = 1.732, a0 = 0.65,
and circular driving with B = A and ω2 = ω1 = 2 × 10−5.
(a) A localized state at A = 0.215. (b) A diffusive or chaotic
state at A = 0.29. (c) At A = 0.712, there is a translating or-
bit jumping between two different directions of travel at +45◦
and −45◦. (d) At A = 0.836, the skyrmion locks into an orbit
that translates in the +y direction.
FIG. 11. 〈V||〉 and 〈V⊥〉 vs A for the system in Fig. 10 with
αm/αd = 1.732, a0 = 0.65, and circular driving with B = A
and ω2 = ω1 = 2 × 10−5. Vertical lines indicate the regions
where localized phases encircling 0, 1, 4, 9, 21, 32, 52, and 69
obstacles appear.
8FIG. 12. Obstacles (red circles) and skyrmion trajectory
(black line) in a system with αm/αd = 9.962, a0 = 0.65,
and circular driving with B = A and ω2 = ω1 = 2 × 10−5.
(a) A localized orbit encircling 1 obstacle at A = 0.188. (b)
A localized orbit encircling 4 obstacles at A = 0.25. (c) A de-
localized orbit at A = 0.596. (d) A localized orbit encircling
16 obstacles at A = 0.75.
In Fig. 11 we plot 〈V||〉 and 〈V⊥〉 versus A for the system
in Fig. 10, with vertical lines indicating the regions where
localized orbits encircle n = 0, 1, 4, 9, 21, 32, 52, and
69 obstacles. In between the n = 9 and n = 21 regimes,
we find two regions of directed motion. Just above the
n = 9 regime, the skyrmion translates in the positive x
and negative y directions along −45◦, while just below
the n = 21 regime, the skyrmion translates in the posi-
tive y-direction. There is also a smaller region between
these two translating phases where the system forms a
localized state encircling 16 obstacles.
As we increase αm/αd in the circular drive system with
A = B, we find fewer translating orbits and wider regions
of delocalized orbits. In Fig. 12 we illustrate skyrmion
trajectories in a system with αm/αd = 9.962. At A =
0.188 in Fig. 12(a), there is a localized orbit encircling one
obstacle. In Fig. 12(b) at A = 0.25, the localized orbit
encircles four obstacles. The delocalized orbit at A =
0.596 appears in Fig. 12(c). At A = 0.75 in Fig. 12(d),
the localized orbit encircles 16 obstacles. In Fig. 13 we
plot 〈V||〉 and 〈V⊥〉 versus A for the system in Fig. 12,
where the vertical lines indicate the windows of localized
phases in which the skyrmion encircles 0, 1, 4, 9, 16, 32,
52, or 69 obstacles. There are several chaotic regimes but
no regions of directed flow.
FIG. 13. 〈V||〉 (black) and 〈V⊥〉 (red) vs A for the system in
Fig. 12 with αm/αd = 9.962, a0 = 0.65, and circular driving
with B = A and ω2 = ω1 = 2 × 10−5. The vertical lines
indicate the regions where localized phases occur. There are
chaotic regions but no windows of directed flow.
C. Circular ac Drives with A 6= B
The number of translating orbits produced by a circu-
lar ac drive can be increased by setting A 6= B so that the
drive amplitude is different in the x and y directions. In
Fig. 14 we plot 〈V||〉 and 〈V⊥〉 versus A in a sample with
αm/αd = 0.577, where we have fixed B = 1.0. Here there
are there six regimes of directed motion. Two of these
regimes are highlighted in Fig. 14(b), which is a blow
up of Fig. 14(a) over the range 0 < A < 0.5. The min-
ima in 〈V||〉 correspond to translation of the skyrmion in
the negative x direction by one lattice constant every ac
drive cycle. Near A = 0.8, we find fractional translation
in which the skyrmion moves one lattice constant in the
negative x direction every four ac drive cycles, closely fol-
lowed by a second fractional translation phase where the
skyrmion moves one lattice constant in the positive x di-
rection every three ac drive cycles. Near A = 0.95, there
are two additional phases in which the skyrmion moves
one lattice constant in either the negative y direction or
the positive x direction every ac drive cycle. There are
several additional translating orbits near A = 1.25.
In Fig. 15 we illustrate the skyrmion trajectories for
the system in Fig. 14. Figure 15(a) shows the localized
state at A = 0.03, where the skyrmion moves between
three obstacles. At A = 0.15 in Fig. 15(b), there is a
translating orbit in which the skyrmion moves one lattice
constant in the negative x direction during every ac drive
cycle. This corresponds to the first translating regime
shown in Fig. 14(b). In Fig. 15(c) we plot the localized
orbit at A = 0.25, where the skyrmion orbit is asymmet-
ric and encircles six obstacles. Figure 15(d) shows the
9FIG. 14. (a) 〈V||〉 (black) and 〈V⊥〉 vs A for a system with
circular ac driving, αm/αd = 0.577, a0 = 0.65, and fixed
B = 1.0. Several regions of translating orbits appear. (b) A
blowup of panel (a) over the range 0 < A < 0.5 showing two
extended regions in which the skyrmion translates in the −x
direction.
second ratcheting orbit from Fig. 14(b) at A = 0.384,
where the skyrmion moves in the negative x-direction.
At A = 0.96 in Fig. 15(e), we find a translating orbit
where the skyrmion moves in the negative y direction.
In Fig. 15(f), the orbit at A = 1.5 is localized and encir-
cles 23 obstacles.
When we increase αm/αd in the system with fixed
B = 1.0 and varied A, we find that the number of trans-
lating phases increases. In Fig. 16 we plot 〈V||〉 and 〈V⊥〉
versus A for a system with B = 1.0, αm/αd = 1.732, and
a0 = 0.65, highlighting the different translating phases in
which the skyrmion moves in either the x or y direction
by one lattice constant per ac drive cycle.
FIG. 15. Obstacles (red circles) and skyrmion trajectory
(black line) for the system in Fig. 14 with circular ac driving,
αm/αd = 0.577, a0 = 0.65, and fixed B = 1.0. (a) A localized
phase at A = 0.03. (b) At A = 0.15, the skyrmion trans-
lates in the negative x direction. This is the first translating
phase shown in Fig. 14(b). (c) A localized orbit at A = 0.25.
(d) The second phase of negative x direction translation from
Fig. 14(b) at A = 0.384. (e) A = 0.96, where the skyrmion
translates in the negative y-direction. (f) A localized phase
encircling 23 obstacles at A = 1.5.
IV. DEPENDENCE ON OBSTACLE SIZE
A. Linear ac Drive
We next consider the effects of varying the obstacle
size. We first apply a linear ac drive with B = 0. In gen-
eral, we find that as the obstacle size increases, the range
of drives over which localized states appear increases. In
Fig. 17 we plot 〈V||〉 and 〈V⊥〉 versus A for a system with
αm/αd = 0.577 and a0 = 0.85 under linear ac driving.
Over the range 0 < A < 1.0, all of the skyrmion orbits
are localized. At higher A, there are two smaller regions
of delocalized orbits and one directed motion phase. In
Fig. 18(a) we illustrate the skyrmion trajectory for the
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FIG. 16. 〈V||〉 (black) and 〈V⊥〉 (red) vs A for system with
circular ac driving, αm/αd = 1.732, a0 = 0.65, and fixed
B = 1.0. A larger number of translating phases appear.
FIG. 17. 〈V||〉 (black) and 〈V⊥〉 vs A for a sample with
a0 = 0.85, αm/αd = 0.577, and linear ac driving with B = 0.
The skyrmion orbit is localized over most of the range of A.
system in Fig. 17 at A = 0.282, where the skyrmion forms
a localized orbit moving between a pair of obstacles. As
A increases, the system passes though a series of local-
ized states in which the skyrmion moves in an elliptical
orbit aligned in the x-direction, as shown in Fig. 18(b)
for A = 0.5. In Fig. 18(c) at A = 1.048, there is a
translating orbit where the skyrmion moves one lattice
constant in the positive y-direction every five ac drive
cycles. Figure 18(d) shows another localized orbit at
A = 1.5 where the skyrmion moves between three pla-
quettes at an angle to the x axis. As A increases further,
FIG. 18. Obstacles (red circles) and skyrmion trajectory
(black line) for the system in Fig. 17 with a0 = 0.85, αm/αd =
0.577, and linear ac driving with B = 0. (a) A localized orbit
at A = 0.272. (b) A more extended orbit at A = 0.5 is delo-
calized. (c) At A = 1.047, the skyrmion translates one lattice
constant in the y-direction every five ac drive cycles. (d) A
localized orbit at A = 1.5.
the localized orbits have a structure similar to the orbit
shown in Fig. 18(d) but pass between an increasing num-
ber of obstacles. Since the localized orbits do not encircle
any obstacles, we do not highlight the different phases in
Fig. 17.
As we increase the Magnus term αm in samples with
larger obstacles, we find an increase in the number of re-
gions of delocalized and translating orbits. In Fig. 19(a)
we plot 〈V||〉 and 〈V⊥〉 versus A for a sample with a0 =
0.85, αm/αd = 1.732, and linear ac driving. There are
several regions of chaotic flow, several regions of trans-
lating orbits that are mostly along the positive y direc-
tion, and several reversals of the translation direction.
In Fig. 20(a) we illustrate the localized orbit at A = 0.5
where the skyrmion moves between two obstacles, while
in Fig. 20(b) we show another localized orbit at A = 0.75
where the skyrmion encircles two obstacles per ac drive
cycle. Figure 19(b) displays a blowup of Fig. 19(a) over
the range 1.3 < A < 1.6. We find a small region near
A = 1.376 where the skyrmion translates in the negative
x direction by one lattice constant every two ac drive cy-
cles, as shown in Fig. 20(c). This is followed by a region
of delocalized orbits. For 1.415 < A < 1.42, there is a
translating orbit where the skyrmion moves one lattice
constant in the positive y direction every ac drive cycle,
as shown in Fig. 20(d). This is followed by a reversal to
a state where the skyrmion translates in the negative y
direction for 1.425 < A < 1.48.
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FIG. 19. (a) 〈V||〉 (black) and 〈V⊥〉 (red) vs A for a sample
with αm/αd = 1.732, a0 = 0.85, and linear ac driving with
B = 0. (b) A blowup of panel (a) over the range 1.3 < A <
1.6.
B. Circular ac Drive with A = B
We next consider the obstacle size dependence in sam-
ples with circular ac drives for A = B. In Fig. 21 we plot
〈V||〉 and 〈V⊥〉 versus A for a system with αm/αd = 0.577
at a0 = 0.45, 0.65 and 0.95. For small a0, most of the or-
bits are localized. By conducting a series of simulations,
we construct a dynamic phase diagram as a function of A
versus a0 as shown in Fig. 22, where the locations of the
localized, delocalized or chaotic, and translating phases
are indicated. The localized orbits are labeled according
to whether the orbit encircles 0, 1, 4, 9, or 16 obsta-
cles. The localized orbits can also have different shapes.
In Fig. 23(a) we illustrate the circular n = 4 orbit at
A = B = 0.5 and a0 = 0.45. In contrast, the n = 4 orbit
FIG. 20. Obstacles (red circles) and skyrmion trajectory
(black line) for the system in Fig. 19 with αm/αd = 1.732,
a0 = 0.85, and linear ac driving with B = 0. (a) A localized
orbit at A = 0.5. (b) A localized orbit at A = 0.75 where
the skyrmion encircles two obstacles per ac drive cycle. (c)
A translating orbit at A = 1.376. (d) A translating orbit at
A = 1.42.
in Fig. 23(c) at A = B = 0.5 with a0 = 0.95 is square.
In general, as the obstacle radius increases, the localized
orbits become more square in shape due to the symmetry
of the obstacle lattice. In Fig. 23(b) we show a delocal-
ized orbit at A = B = 0.652 and a0 = 0.45, where the
skyrmion collides with various obstacles and undergoes
long time diffusion. A delocalized orbit at A = B = 0.608
and a0 = 0.95 appears in Fig. 23(d). For larger obstacles,
the chaotic phases develop a stronger diffusive behavior
since there is an increased probability that the skyrmion
will randomly scatter off of the obstacles. The phase di-
agram in Fig. 22 also demonstrates that for larger a0,
the localized orbits become elliptical, such as in the 16E
state which encircles 16 obstacles, while at smaller a0
the orbits are more circular, as in the 16S phase. For
larger αm/αd, there are a reduced number of delocalized
or translating orbits.
V. CHANGING AC FREQUENCY ω1 6= ω2
.
We next consider circular driving with A = B but with
two different frequencies, ω1 6= ω2. In this case we find
much more extensive regions of ratcheting or directed
motion due to the additional asymmetry in the skyrmion
orbits. In Fig. 24 we illustrate the skyrmion orbits in the
absence of a substrate for a system with A = B = 1.0
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FIG. 21. 〈V||〉 and 〈V⊥〉 vs A for a system with circular ac
driving, A = B, ω1 = ω2, and αm/αd = 0.577 for a0 = 0.45
(dark and light green), 0.65 (red and orange), and 0.95 (light
and dark blue).
FIG. 22. Dynamic phase diagram as a function of A vs a0
for the system in Fig. 21 with αm/αd = 0.577 and circular
ac driving with A = B and ω1 = ω2. Blue indicates localized
phases, pink regions are delocalized states, and green regions
correspond to ordered translating orbits. The localized phases
are labeled according to whether the orbit encircles 0, 1, 4, or
9 obstacles. Phase 16E is a localized phase with an elliptical
orbit encircling 16 obstacles, while phase 16S is a localized
phase with a circular orbit encircling 16 obstacles.
FIG. 23. Obstacles (red circles) and skyrmion trajectory
(black line) for the system in Fig. 22 with αm/αd = 0.577
and circular ac driving with A = B and ω1 = ω2. (a) A = 0.5
and a0 = 0.45, where the skyrmion is in a localized orbit.
(b) A = 0.652 and a0 = 0.45 where the skyrmion motion is
delocalized. (c) A = 0.5 and a0 = 0.95, showing a square
orbit encircling four obstacles. (d) A = 0.608 and a = 0.95,
showing a localized phase.
and αm/αd = 0.45 at ω2/ω1 = 0.5, 1.0, 1.5, 2.0, and 3.0.
For ω1/ω2 = 1.0, the orbit is circular; however, for the
other ratios, the orbits are asymmetric.
In Fig. 25(a) we plot 〈V||〉 and 〈V⊥〉 versus A for a
system with circular ac driving at αm/αd = 0.577, a0 =
0.65, and A = B for ω2/ω1 = 0.5 and 1.0. When ω2/ω1 =
0.5, there are large regions of translating orbits along
with multiple reversals in the direction of translation.
Figure 25(b) shows the same quantities for samples with
ω1/ω2 = 1.5 and ω1/ωs = 2.0. When ω1/ω2 = 1.5,
there are several regimes in which 〈V||〉 = 0.5 or 〈V⊥〉 =
0.5, indicating that the skyrmion translates by one lattice
constant every two ac drive cycles, while for ω1/ω2 =
2.0, there are regions where 〈V||〉 = 1.0 or 〈V⊥〉 = 1.0,
indicating that the skyrmion is translating by one lattice
constant per ac drive cycle. Near A = 0.89, there is
a small interval over which the skyrmion translates two
lattice constants per ac drive cycle.
In Fig. 26(a) we illustrate the skyrmion trajectory for
the system in Fig. 25(a) at ω2/ω1 = 0.5 and A = 0.4,
where the skyrmion is translating in the positive x-
direction. At the same ratio ω2/ω1 = 0.5 but atA = 0.58,
Fig. 26(b) shows that the skyrmion translates along 45◦.
Figure 26(c) indicates that at ω2/ω1 = 2.0 and A = 0.2,
the orbit translates in the x-direction but is also disor-
dered. In Fig. 26(d), at the same ratio ω2/ω1 = 2.0 but
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FIG. 24. The skyrmion trajectory in the absence of a sub-
strate for a system with αm/αd = 0.45, A = B, and
ω2/ω1 = 0.5 (black), 1.0 (red), 1.5 (blue), 2.0 (pink), and
3.0 (green).
FIG. 25. 〈V||〉 and 〈V⊥〉 vs A in samples with circular ac
driving for αm/αd = 0.577, A = B, and a0 = 0.65. (a)
ω2/ω1 = 0.5 and ω2/ω1 = 1.0. (b) ω2/ω1 = 1.5 and ω2/ω1 =
2.0.
FIG. 26. Obstacles (red circles) and skyrmion trajectory
(black line) for the system in Fig. 25 with circular ac driving,
αm/αd = 0.577, A = B, and a0 = 0.65. (a) At ω2/ω1 = 0.5
and A = 0.4, the orbit translates in the x direction. (b)
At ω2/ω1 = 0.5 and A = 0.58, the skyrmion translates at
45◦. (c) At ω2/ω1 = 2.0 and A = 0.3, the orbit translates
in the x-direction but is also partially disordered. (d) At
ω2/ω1 = 2.0 and A = 1.0, the skyrmion is moving in the
positive y-direction.
with A = 1.0, the skyrmion translates in the positive
y-direction.
In Fig. 27 we plot 〈V||〉 and 〈V⊥〉 versus A for a system
with A = B = 0.5 and αm/αd = 0.45 at ω2/ω1 = 3.0.
We find five translating orbit phases along with one lo-
calized phase and several localized regions. In Fig. 28(a)
we illustrate the skyrmion trajectory in the first translat-
ing orbit near A = 0.35, where the skyrmion moves one
lattice constant in the negative y-direction during each
ac drive cycle. Figure 28(b) shows an orbit translating
in the positive x direction near A = 0.85. In both cases,
the orbit is highly complex, and the skyrmion executes
three loops before translating.
VI. DISCUSSION
Our results could be tested experimentally in a system
containing a periodic array of antidots with one or two
applied ac drives. The different orbits could be measured
using direct imaging or through electrical detection. An-
other method for observing the orbits is to analyze the
noise fluctuations, since the localized states or ordered
translating orbits should produce low noise along with a
narrow band signal at a specific frequency. In contrast,
the delocalized phases would exhibit broadband noise sig-
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FIG. 27. 〈V||〉 (black) and 〈V⊥〉 (red) vs A for a system with
a circular ac drive at A = B, a0 = 0.65, and ω1/ω2 = 3.0 for
αm/αd = 0.45. There are five regions of translating orbits.
FIG. 28. Obstacles (red circles) and skyrmion trajectory
(black line) for the system from Fig. 27 with a circular ac
drive at A = B, a0 = 0.65, ω1/ω2 = 3.0 and αm/αd = 0.45.
(a) The translating orbit near A = 0.35 where the skyrmion
moves in the negative y-direction. (b) The translating orbit
near A = 0.85 where the skyrmion moves in the x-direction.
nals or multiple frequencies due to the jumping of the
skyrmion between different orbit shapes. It would also
be interesting to consider a finite number of skyrmions
instead of an individual skyrmion. At low densities where
the skyrmions do not interact, we expect that the results
would be similar to what we describe above; however,
for multiple interacting skyrmions, there could be an en-
hancement of the disordered regime or even new types of
ordered phases.
In our model, the skyrmions are treated as rigid par-
ticles; however, actual skyrmions can exhibit internal
modes or shape distortions which could induce additional
phases. This also suggests that another method for driv-
ing skyrmions in circular orbits would be to use oscillat-
ing fields, since continuum studies have shown that this
technique can generate skyrmion motion even without
a substrate79. In a sample where a dc drive is super-
imposed on an ac drive, various types of phase locking
phenomena should appear in the velocity force curves as
has been studied in previous work80.
Our model neglects thermal effects, but we expect
such effects would become important near the transi-
tion between two different localized orbits, and could
induce a creep motion for certain translating orbits.
Our results also suggest that by controlling the obsta-
cle geometry and the ac driving, it should be possi-
ble to cause the skyrmion to translate at a designated
skyrmion Hall angle over a specific number of lattice con-
stants per ac drive cycle. The behavior should also de-
pend on the type of skyrmion considered. For antiferro-
magnetic skyrmions81,82 and liquid crystal skyrmions83,
where the Hall angle is absent, the dynamics would be
similar to those found in the vortex pinball systems. In
other skyrmion systems where internal modes are impor-
tant, there could be complex trochoidal motion of the
skyrmions84. For antiskyrmions85, additional dynamical
phases could appear since the closed orbits could be more
complex.
VII. SUMMARY
We have examined skyrmions interacting with a square
array of repulsive obstacles or antidots under linear or
circular ac driving. For linear ac driving, an overdamped
particle follows a 1D orbit that does not translate; how-
ever, due to the combination of the Magnus force and
interactions with the obstacles, skyrmions can execute
a 2D orbit. As the ac drive amplitude increases, the
skyrmion displays a series of localized orbits in which
it moves between several different obstacle plaquettes or
encircles one or more obstacles. In between the localized
orbits, we find that there can be chaotic or disordered
orbits. The transitions between the localized and delo-
calized orbits resemble what is found in electron pinball
systems. In some cases, a linear ac drive can produce
a translating or skipping skyrmion orbit. This ratchet
effect is similar to what is found for colloids undergo-
ing complex closed orbits on a periodic substrate, where
the combination of the drive and the orbit asymmetry
produces enough symmetry breaking to allow directed
transport to emerge. In the skyrmion case, much sim-
pler ac driving can be used to achieve the same effect. In
systems with a circular ac drive, the skyrmion follows a
circular orbit in the absence of a substrate, but when a
substrate is present we find localized stable phases, where
the skyrmion encircles an integer number of obstacles, as
well as delocalized or chaotic orbits and translating or-
bits. The translating orbits produce motion along x or
y or at a 45◦ angle, since these are the major symmetry
directions of the square obstacle lattice. The distance
moved by the skyrmion in the translating orbits ranges
from 1, 1/2, 1/3, 1/4, or 1/5 of a lattice constant per
ac drive cycle. There are also chaotic phases that show
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gradual translation. As the Magnus force increases, addi-
tional translating phases appear; however, for the largest
Magnus forces, disordered phases begin to dominate the
behavior. We also also examine the different phases as a
function of the obstacle size. The extent of the translat-
ing orbits can be enhanced by varying the amplitude or
frequency of the circular ac drive in the x and y direc-
tion to create asymmetric orbits. Our results show that
skyrmions interacting with periodic obstacle arrays under
ac driving provide another example of pinball dynamics
where the Magnus force induces additional features such
as translating orbits. These results also suggest new ways
to control skyrmion motion for device applications by us-
ing strictly ac driving.
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